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Cross section ratios for deep- inelastic scattering from ^ N and He with respect to H have 
been measured by the HERMES experiment at DESY using a 27.5 GeV positron beam. The data 
cover a range in the Bjorken scaling variable x between 0.013 and 0.65, while the negative squared 
four-momentum transfer Q varies from 0.5 to 15 GeV . The data are compared to measurements 
performed by NMC, E665, and SLAG on *He and ^^G, and are found to be different for x < 0.06 and 
Q^ < 1.5 GeV^. The observed difference is attributed to an ^-dependence of the ratio R — ol/o-t 
of longitudinal to transverse deep-inelastic scattering cross sections at low x and low Q^ . 



PACS numbers: 13.60.Hb, 13.60.-r, 24.85. +p, 12.38.-t 



The energy scales relevant to deep-inelastic lepton nu- 
cleon scattering (multi-GeV) greatly differ from those 
relevant to the atomic nucleus (multi-MeV). Hence, it 
came as a surprise that the structure function F^{x), 
which in the Quark-Parton Model represents the quark 
momentum distribution inside the nucleon, was found to 
depend on the mass A of the atomic nucleus W. This 
phenomenon is known as the EMC effect at large values 
of the Bjorken scaling variable x, i.e. x > 0.1, and as 
shadowing at lower values of a; pj . 

With F2{x) found to be ^-dependent, it is relevant 
to investigate whether this dependence is the same for 
its longitudinal and transverse components, Fl{x) and 
Fi(x). The latter two structure functions are related to 
F2{x) via Fl{x) = (1 + Q^/y'^)F2{x) - 2xFi{x) with Q^ 
the negative of the four-momentum transfer squared q^ , 
1/ the energy transfer, x = Q^ /2Mv and M the nucleon 
mass. A possible difference of the A-dependence of Fl {x) 
and Fi (x) can be investigated by measuring the ratio of 
longitudinal to transverse deep-inelastic scattering (DIS) 
cross sections R = Ghlf^T = Fl{x)/2xFi{x) for various 
nuclear targets. 

Theoretically, a possible A-dependence of R has been 
suggested by several authors. In ref. Q the Fermi mo- 
tion of the nucleons is seen to enhance higher-twist ef- 
fects, which will lead to an enhancement of Fl{x) at low 
values of x and Q"^ . It has also been argued Q that an 
increase of the nuclear giuon distribution may lead to an 
enhancement of R. On the other hand, in ref. [|| it is 
suggested that nuclear shadowing might be different for 
the longitudinal and transverse DIS cross sections. The 
predicted size and (a;,(5^)-dependence of these effects are 
all different. However, no experimental evidence for an 
A-dependence of R has been found to date P-pl . 

In this Letter we present data from the HERMES 
experiment on the cross section ratio for deep-inelastic 
positron scattering off nitrogen and helium-3 with respect 
to deuterium. These ratios are compared to similar ra- 
tios measured in deep- inelastic scattering by NMC [[lO[ , 
E665 (nl, and SLAG |l|. The ratio of the inclusive DIS 
cross sections on ^^N ("^He) and ^H is presented in fig- 
ure ^ A significant difference between the present data 
and previous data is observed for x < 0.06. In this do- 
main the HERMES data for both nuclei are smaller than 
the NMC and E665 data and the deviation increases to- 
wards smaller values of x. At high values of x the HER- 
MES data are in agreement with the SLAC data. In 
the following it is shown how the difference between the 
NMC and HERMES measurements can be attributed to 
an A-dependencc of R at low values of x and Q^ . 

Apart from the data shown in figure n^, other data exist 
which show a strong reduction of (JaJod for 0.01 < x < 
0.1 and 0.05 < Q^ < 1.5 GcV^ that is similar to that of 
the HERMES data on I'^N |l|,|l§l. However, these data 
were never used to study a possible A-dependence of -R, 
either because of insufficient statistics f|T3 , or because of 



their limited kinematic coverage iT^ . 

In deep-inelastic charged lepton scattering from an un- 
polarised target, the double-differential cross section per 
nucleon can be written in the one-photon exchange ap- 
proximation as 
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where y = v/E, iTMott represents the cross section for lep- 
ton scattering from a point charge, and E and E' are the 
initial and final lepton energy, respectively. The virtual 
photon polarisation parameter is given by 



4(1-2/)- 



4(1 - y) + 2y2 + |1 



(2) 



The ratio of DIS cross sections from nucleus A and deu- 
terium D (=^H) is then given by: 



a A ^ F^^ {1 + eRA){l + Rp) 
(JD F^ {1 + Ra){1 + f-Roy 



(3) 



where Ra and Rd represent the ratio dhjOT for nucleus 
A and deuterium. For e — > 1 the cross section ratio equals 
the ratio of structure functions F^ jF^ . For smaller val- 
ues of e the cross section ratio is equal to F^ / F^ only 
if Ra = Rd ■ A difference between Ra and Rd will thus 
introduce an e-dependence of ga/o'd- Hence, measure- 
ments of oaJctd as a function of e can be used to extract 
experimental information on RaIRd-, if Rd is known. 

The data presented in this paper were collected by the 
HERMES experiment at DESY using ^H, ^H, ^He, and 
^^N internal gas targets in the 27.5 GeV positron stor- 
age ring of HERA. The target gases were injected into a 
tubular open-ended storage cell inside the positron ring. 
The cell provides a 40 cm long target with areal densities 
of up to 6 X 10^^ nucleons/cm^ for -'^^N. The luminos- 
ity was measured by detecting Bhabha-scattered target 
electrons in coincidence with the scattered positrons, in a 
pair of NaBi(W04)2 electromagnetic calorimeters. Dead 
times of less than 5% were observed even at the highest 
luminosities of about 10'^'^ nucleons/ (cm^s). Systematic 
uncertainties in the measurements of the cross section 
ratios were minimized by cycling among different target 
gases every 2-4 hours during part of the data taking. 

In the HERMES spectrometer [^ both the scattered 
positrons and the produced hadrons can be detected and 
identified within an angular acceptance ±170 mrad hor- 
izontally, and 40 - 140 mrad vertically. The trigger was 
formed from a coincidence between a pair of scintillator 
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FIG. 1. Ratio of cross sections of inclusive deep-inelastic 
lepton scattering from nucleus A and D versus x. The er- 
ror bars of the HERMES measurement represent the statisti- 
cal uncertainties, the systematic uncertainty of the HERMES 
data is given by the error band. The error bars of the NMC, 
E665, and SLAG data are given by the quadratic sum of the 
statistical and systematic uncertainties. 

hodoscope planes and a lead-glass calorimeter. The trig- 
ger required an energy of more than 3.5 GeV deposited 
in the calorimeter, resulting in a typical trigger rate of 
100 Hz. Positron identification was accomplished using 
the calorimeter, the second hodoscope, which functioned 
as a preshower counter, a transition radiation detector, 
and a threshold gas Cerenkov counter. This system pro- 
vided positron identification with an average efficiency of 
99 % and a hadron contamination of less than 1 %. 

Deep-inelastic scattering events were extracted from 
the data by imposing constraints on Q^ , W (the invariant 
mass of the photon- nuclcon system), and y. For each 
event it was required that Q^ > 0.3 GeV^ W > 2 GeV 
and y < 0.85. 

As the ratio aA/co involves nuclei with different num- 
bers of protons, radiative corrections do not cancel in the 
ratio. In particular, the radiative processes associated 
with elastic and quasi-elastic scattering are different for 



the two target nuclei. These radiative corrections have 
been computed using the methods outlined in Ref. p6[ . 
In the cross section ratio the correction associated with 
elastic (i.e. coherent) scattering from the target nucleus 
is dominant. 

Several input parameters are needed for the calcula- 
tion of the radiative corrections. For the evaluation of 
the coherent radiative tails, the nuclear elastic form fac- 
tors must be known. Parameterisations of the form fac- 
tors of ^H, ^He, and ^^N were taken from the literature 
p7|-p^. For the quasi-elastic tails, the nucleon form fac- 
tor parameterisation of Gari and Kriimpelmann [pOJ was 
used. The reduction of the bound nucleon cross section 
with respect to the free nucleon one (quasi-elastic sup- 
pression) was evaluated using the results of a calculation 
by Bernabeu |21| for deuterium and the non-rclativistic 
Fermi gas model for '^He and ^^N |g^. The evaluation 
of the inelastic higher order QED processes requires the 
knowledge of both F2 and R over a wide range of x and 
Q^. The structure function F^{x,Q^) was described 
by a parameterisation of the NMC, SLAG, and BGDMS 
data |2^ ; for Re, the Whitlow parameterisation |2J] was 
used. As the values of F^{x, Q^) and Ra{x,Q^) are un- 
known for ^He and -'^^N, an iterative procedure has been 
used. As a starting point the nuclear structure functions 
F^{x, Q^) were taken from phenomenological fits to the 
SLAG and NMG data, and i?^(a:, Q^) was assumed to 
be equal to Rd{x,Q^). The resulting radiatively cor- 
rected values of <jaI<Jd were used to determine F,^ jF^ 
and Ra/Rd, which were given as input to the radia- 
tive correction code in the next step until convergence 
was reached. It is noted that the large difference be- 
tween the NMG/E665 and HERMES values of aA/ao 
is already present if the NMG and SLAG parameterisa- 
tions are used for F2{x, Q^) and R{x, Q^)- The iteration 
procedure, which converges in three steps, enlarges the 
difference by about 40 % (for ^''N) in the lowest x bins. 

The size of the radiative corrections is largest in the 
lowest x-bin, where it amounts to 0.552, 0.461, and 0.372 
for ^H, ■^He, and ^*N, respectively. The systematic un- 
certainty in the radiative corrections was estimated by 
using upper and lower limits of the parameterisations, or 
alternative parameterisations [p3|-p6[ for all the above in- 
put parameters. The total systematic uncertainty in the 
cross section ratios varies from 5 % (4 %) at low a; to 2 
% (1 %) at high X for "N (^He). It includes the normal- 
ization uncertainty of 2 % (1 %) and the uncertainty in 
the radiative corrections, which is dominant. 

The effects originating from the finite resolution of the 
spectrometer and from the hadron contamination in the 
positron sample have been determined and found to be 
negligible. As a cross check of the understanding of the 
entire analysis chain including the radiative corrections, 
the cross section ratio of deuterium and hydrogen has 
been determined as a function of x and Q^ . The 
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FIG. 2. Cross section ratios of inclusive deep-inelastic 
lepton scattering from ^''N to ^H versus Q^ for specific a;-bins 
(solid circles). Also shown are the ^^C/^H data of NMC (open 
squares) and E665 (open circles). Only statistical errors are 
shown. 

HERMES measurement |2^ of ao/crp agrees within the 
systematic uncertainties (3 % at low x down to 1.5 % at 
high x) with the results from earher experiments ||28| , p9 

The results of the analysis ^,0 are shown in figure 
as a function of x. It is noted that throughout the analy- 
sis the (TsHe/^D data have been corrected for the excess of 
protons over neutrons in "^He using the measured ob I'^p 
ratios [2^. The uian/'^d data are displayed in more de- 
tail in figure as function of Q^ for fixed values of x. In 
the first four x-bins a striking discrepancy between the 
HERMES and NMC data is observed. The discrepancy 
increases with Q^ , but at the same time the average de- 
viation in each x bin decreases with x. Moreover, as the 
data show a discontinuity with respect to Q^ for the same 
four lowest x-bins, it is unlikely that the discrepancy ob- 
served in figure ^ is caused by scaling violations of the 
ratio F^{x)/F^{x). 

As the structure function ratio F^ /F^ depends only 
on X and Q^ , the observed difference in the cross section 
ratios measured at HERMES and NMC/E665 can be ex- 
plained only by an A-dependence of the ratio R{x,Q^). 
Therefore, in figure the data have been plotted versus e 
for fixed values of x. The e-dependence of the HERMES 
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FIG. 3. Cross section ratios of inclusive deep-inelastic 
lepton scattering from ^''N to '^H versus e for individual a;-bins 
(solid circles). Also shown are the ^^C / ^H data of NMC 
(open squares). Note that the two data sets correspond to 
different Q^ ranges. Only statistical errors are shown. 

data shows that the deviation with respect to unity de- 
creases with increasing e values. This is in accordance 
with the anticipated behaviour of cta/ctd if Ra differs 
from Rd, as displayed by Eq. (3). In contrast to the 
HERMES data, the NMC data show no or very little e- 
dependence. However, the two data sets shown in figure 
H at the same e and average x values correspond to dif- 
ferent Q^ values, as can be seen by comparing the same 
x-bins in figures || and ^. 

The data of the individual x-bins of figure [^ have been 
fitted using Eq. (3). Separate fits for the HERMES and 
NMC data have been performed. In these fits a param- 
eterisation of Rd |32| has been used, while the ratios 



Ra/ Rd and F^ jF^ have been treated as free parame- 
ters. A single value of Ra/ Rd and F^ / F^ has been ex- 
tracted from each a;-bin in figure ^ for both the HERMES 
and NMC data at the average x and Q^ values of each 
experiment. In this procedure it is assumed that both 
Ra/ Rd and F^/F^ are constant over the limited Q^ 
range covered by the data in each x-bin. While the Q^- 
dependence of F^/F^ is known to be very small p3| , ^ , 
the effect of a possible Q^-dependence on the extracted 
values of Ra/ Rd has been studied separately. Assuming 
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FIG. 4. The ratio of the inclusive structure functions 
F2 / F^ versus x as derived from the fit of the e dependence 
of the cross section ratios. The HERMES data on ^*N are 
shown in the upper panel and those collected on "^He in the 
lower panel. The data are compared to parameterisations of 
the F2 / F2 ratio for A=4 and 12, which were determined us- 
ing the NMC and SLAG data 0,0. The inner error bars 
include the statistical uncertainty and the correlated error in 
Ra/ Rd- The outer error bars represent the total uncertainty 
including the systematic uncertainty. 

a linear Q^-dependence of Ra/Rd, it has been verified 
that the Q^-range covered by each x-bin does not affect 
the average values of Ra/Rd derived from the fit. 

The values of F^/Ff derived from the fit of the HER- 
MES data are displayed in figure |j for both nitrogen and 
helium-3. The statistical uncertainty and the effect of 
the correlated error in Ra/Rd (inner error bars) are indi- 
cated separately from the total uncertainty that includes 
the systematic uncertainties as well (outer error bars). 
The data are compared to curves representing parame- 
terisations of the F2 /F^ ratios for A = 4 and 12, which 
were determined using the NMC and SLAC data ||l^,|l2|. 
The data are seen to be in agreement with the param- 
eterisations. The uncertainties on F^/F^ are too large 
to observe any systematic deviation between F^/F^ for 
neighbouring nuclei. 

The resulting values of Ra/Rd are shown in figure H. 
The error bars include the statistical uncertainty, the cor- 
related error in F^/F^ and the systematic uncertainty. 
Both the present results, which were obtained from the 
fits of the HERMES and NMC data shown in figure |, 



and the results derived from other sources are displayed. 
The data are plotted at the average value of Q^ for a given 
x-bin. The values of Ra/Rd derived from the HERMES 
data are considerably larger than unity for x < 0.06 and 
Q^ < 1.5 GeV^. The deviation from unity is smaller for 
■^Hc than for ^^N, as one would expect for a medium de- 
pendent effect. The results of the fits of the NMC data 
for ^He and ^^C, which were collected at higher aver- 
age Q^ values, are all consistent with unity. The present 
data for Ra/Rd are also compared to the results of pre- 
vious studies of the A-dependence of R. Existing data 
are usually represented in terms of AR = Ra — Rd- The 
published values of AR [ p4|34| , |35[| have been converted to 
Ra/Rd using a parameterisation for Rjj [ p2| , and added 
to figure]^. All data above Q^ ~ 1.5 GeV'^ are seen to be 
consistent with unity, while for x < 0.06 and Q^ < 1.5 
GeV^ a strong Q^-dependence is observed. It is noted 
that the Ra/Rd data below x = 0.15 can be described 
by an inverse power of Q^, independent of x. 

Possible mechanisms that give rise to an enhancement 
of Ra with respect to Rd at low Q^ and x are constrained 
by the present data to not significantly change the ratio 
of structure functions F^/F^. Since F^ and Ra de- 
pend differently on the longitudinal and transverse DIS 
cross sections, the different effects of the nuclear medium 
on (Ti and ctt can be distinguished. In fact, both an 
enhancement of the longitudinal response and a corre- 
sponding reduction of the transverse response are needed 
to explain the present data. Evaluated explicitly for the 
lowest three x-bins of the ^^N/^H data, we find values 
of 2.15(40), 2.32(25), and 1.78(15) for erf /erf , and the 
values 0.45(4), 0.47(3), and 0.65(2) for a^/a^. These 
results appearing at low Q^ and low x seem to indicate 
a novel large shadowing effect not contained in current 
theoretical models. Possible shadowing differences be- 
tween ctl and ax have been discussed in refs. l|,Q. The 
quoted enhancement of Ra with respect to Rd does not 
exceed 50 % Q. However, these studies did not cover 
the kinematics of the present experiment. It is noted 
that a satisfactory description of our data should also 
encompass the real-photon data, which show less shad- 
owing (erf /erf = 0.77(5) for ^^C at Q^ = 0) than the 
virtual-photon data at low Q^ (see [ p7| , [l3| ) . 

The steep Q^-dependence of the data also suggests an 
explanation in terms of a higher twist effect |3q] , i.e. 
strong quark-gluon correlations that are enhanced in the 
nuclear environment BS]. This conclusion is supported 
by the fact that leading twist effects are estimated to be 
much smaller than the observed enhancement of Ra/Rd 
|Eo,0| . The size of twist-4 effects in nuclei has been esti- 
mated by Luo, Qiu and Sterman pd] for dijet photopro- 
duction. They find sizable enhancement factors of order 
100 % that scale as A^/^. 

In order to arrive at a proper interpretation of the data 
presented in this paper, the quoted effects must be 
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FIG. 5. The ratio Ra/Rd for nucleus A and deuterium as 
a function of Q^ for four different x bins. The HERMES data 
on ^''N ('^He) are represented by the sohd circles (squares). 
The open triangles ( C) and crosses ( He) have been derived 
from the NMC data using the same technique. The other 
SLAG |34) and NMG data |||l displayed have been derived 
from measurements of AT? = Ra — Rd taking a parameteri- 
sation |32l for Rn ■ The inner error bars include both the sta- 
tistical uncertainty and the correlated error in F2 / F2' . The 
outer error bars also include the systematic uncertainties. 



evaluated explicitly for the conditions of our experi- 
ment. Experimentally, it is important to extend the 
present measurements to heavier nuclei such that the A- 
dependence of the effect can be determined precisely. 

In summary, deep-inelastic positron scattering data on 
^H, •^He, and ^"^N are presented. At low values of x and 
Q^, a large difference is observed between the presently 
measured cross section ratios a^He/<^D and cri4Ar/cr_D, 
and those reported by previous experiments at higher 
values of Q^ . Values for the ratio of Ra/Rd with R the 
ratio (JlIut of longitudinal to transverse DIS cross sec- 
tions have been derived from the dependence of the data 
on the virtual photon polarization parameter e. The data 
show a strong Q^-dependence of Ra/Rd at low x and Q^ 
and represent the first observation of a nuclear effect in 
the ratio of longitudinal to transverse photoabsorption 
cross sections. The uncertainty in the measurements is 
dominated by our estimate of the systematic uncertainty 
in the radiative corrections. In the absence of explicit 
calculations, it can be speculated that our result repre- 
sents evidence for the existence of enhanced quark-gluon 



correlations in atomic nuclei. 
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